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METHODS, SYSTEMS, AND APPARATUS 
FOR 

INTEGRATED CIRCUIT CAPACITORS 
IN 

CAPACITOR ARRAYS 



BACKGROUND OF THE INVENTION 

1- Field of the Invention 

The invention generally relates to capacitors and more 
10 specifically to capacitor arrays within an analog integrated 
circuit . 
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2 . Prior Art 

Capacitors are well known two terminal devices. A 
capacitor is a passive electrical device typically comprised of 
conductors separated by one or more dielectric materials. The 
capacitor facilitates the storage of charge when a potential 
difference exists between adjacent conductors. The capacitance 
C of a capacitor is equal to Q/V, where Q is the charge stored 
by the capacitor and V is the voltage between the conductors. 

Various techniques and materials used in manufacturing 
capacitors are selected to provide the desired capacitance 
values and other parameters associated with a capacitor, such as 
the maximum voltage rating, a power rating, stability with time 
and temperature and/or an upper and lower temperature tolerance. 
The capacitance C of a capacitor is dependent on the material 
and dimensions of the capacitor structure, namely C = jxA/d, 
where /z is the dielectric constant of the material used for the 
dielectric between the conductive capacitor plates, A is the 
overlapping area of adjacent capacitor plates and d is the 
separation of the overlapping plates. To increase the 
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capacitance of a capacitor, one must increase the capacitor 
plate area, decrease the separation between capacitor plates 
and/or use a dielectric with a higher dielectric constant. 

Capacitors connected in parallel increase the amount of 

5 total capacitance, while capacitors coupled in series decrease 
the total capacitance across the series combination. When 
coupled in parallel together, the capacitance value of each is 
summed together to obtain the overall capacitance. Cx + C 2 = 
c totai» for example. When coupled in series together, the 

10 inverse capacitance value of each is summed together to obtain 
the inverse of the overall capacitance. (1/C X + 1/C 2 ) = l/C total/ 
for example. 

A capacitor may be a discrete device with electrical leads 
that can be electrically coupled to a printed circuit board. 

15 Alternatively, a capacitor may be an integrated device a part of 
an integrated circuit, which may include other devices as a part 
of one semiconductor die. 

Within the same semiconductor die or integrated circuit, a 
plurality of capacitors may be created using different material 

20 layers as the capacitor plates. Another layer of material may 
be used as a dielectric between the capacitor plates to 
electrically isolate the plates and increase the capacitance of 
the capacitor. The capacitors for an integrated circuit are 
typically defined by laying out manufacturing mask layers in 

25 order to form the appropriate material layers during 

manufacturing. The mask layers, when overlaid on top of one 
another, are oftentimes referred to as a layout. 

A capacitor may be intentionally designed into an 
integrated circuit using the layout. Other capacitors arise 

30 unintentionally, as a consequence of manufacturing an integrated 
circuit. These unintentional capacitors are oftentimes referred 
to as parasitic capacitors. For example, around a metal oxide 
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semiconductor field effect transistor (MOSFET) , there may be a 
gate to drain parasitic capacitance and a gate to source 
parasitic capacitance due to how the MOSFET is manufactured. 
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BRIEF DESCRIPTION OF THE DRAWINGS 

Figure 1 is a block diagram of an integrated circuit 
incorporating the invention. 

Figure 2A is a block diagram of an analog to digital (A/D) 
5 converter incorporating the invention. 

Figure 2B is a functional block diagram of an exemplary 
multibit stage pipelined analog to digital (A/D) converter 
incorporating the invention. 

Figure 2C is a simplified schematic diagram of a digital to 
10 analog converter (DAC) with an equally-sized or equally-weighted 
capacitor ladder incorporating the invention. 

Figure 2D is a simplified schematic diagram of an analog 
subtractor and gain stage for the block diagram of Figure 2B. 

Figure 2E is a simplified schematic diagram of a 
15 multiplying digital to analog converter (MDAC) with a capacitor 
array incorporating the invention and functioning as the k-bit 
DAC, analog subtractor, and gain stage for the block diagram of 
Figure 2B. 

Figure 3 is a block diagram of a digital to analog 
20 converter (DAC) incorporating the invention. 

Figure 4 is a block diagram of a switched capacitor (SC) 
filter incorporating the invention. 

Figure 5 is a schematic diagram of a charge-scaling digital 
to analog converter with a binary-weighted capacitor ladder 
25 including integrated circuit capacitors formed in a capacitor 
array by the methods described herein. 

Figure 6 is a top view of a portion of a layout of a 
capacitor array. 

Figure 7A is a top view of square shaped capacitor plates 
30 with chamfered corners that may be used for a unit capacitor C u 
of the capacitor array of Figure 6. 
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Figure 7B is a cross-sectional side view of a unit 
capacitor of the capacitor array of Figure 6. 

Figure 7C is a schematic diagram of a unit capacitor C u 
corresponding to Figures 7A and 7B. 

5 Figure 8 is a schematic diagram of five unit capacitors in 

a row or column of a capacitor array and the effect of not 
arranging active unit capacitor cells to have electrical 
symmetry. 

Figures 9A-9B illustrate a first example of a first rule of 
10 the method of laying out or arranging unit capacitor cells 
within a capacitor array to provide visual and electrical 
symmetry. 

Figures 10A-10B illustrate a second example of the first 
rule of the method of laying out or arranging unit capacitor 
15 cells within a capacitor array to provide visual and electrical 
symmetry. 

Figures 11A-11B illustrate a first example of a second rule 
of the method of laying out or arranging unit capacitor cells 
within a capacitor array to provide visual and electrical 
20 symmetry. 

Figures 12A-12B illustrate a second example of the second 
rule of the method of laying out or arranging unit capacitor 
cells within a capacitor array to provide visual and electrical 
symmetry. 

25 Figures 13A-13B illustrate following a third rule of the 

method of laying out or arranging unit capacitor cells within a 
capacitor array to provide visual and electrical symmetry so 
there is no encroachment. 

Figures 14A-14B illustrate encroachment when the third rule 
30 of the method of laying out or arranging unit capacitor cells 
within a capacitor array to provide visual and electrical 
symmetry is not followed. 
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Figure 15 illustrates an example of a fourth rule of the 
method of laying out or arranging unit capacitor cells within a 
capacitor array to provide visual and electrical symmetry, an 
exception to the first rule illustrated in Figures 9A-10B. 
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DETAILED DESCRIPTION OF THE PREFERRED EMBODIMENTS 
One or more integrated circuit capacitors may be formed out 
of a capacitor array of unit capacitors. A capacitor array may 
also be referred to as an array of unit capacitors or simply an 
5 array of capacitors. A capacitor array is a plurality of unit 
capacitors organized into a group, a set, or a regular 
arrangement in an integrated circuit. For example, the 
plurality of unit capacitors may be organized into rows and 
columns or be centered on a regular grid in order to form an 

10 array. The plurality of unit capacitors in a capacitor array 
may be interconnected together, such as in parallel, serial, or 
a combination thereof. 

Precision capacitor arrays are an important component of 
analog circuits, including many analog-- to-digital converters 

15 (ADC's). Accurate matching between individual unit capacitors 
in a capacitor array may be important to provide accurate 
conversion between analog signals and digital signals. 

The present invention provides visual symmetry between unit 
capacitors in the capacitor array and electrical symmetry for 

20 active unit capacitors in the capacitor array. The benefit of 
visual symmetry is that similar structures have similar 
processing environments during various circuit fabrication 
stages, reducing systematic errors. The goal is to have unit 
cells whose matching is limited only by random variations during 

25 processing and not by systematic differences or offsets that 
will introduce non-random bias between unit cells. 

Capacitor arrays contain two types of unit capacitors: a 
first set used to carry analog signals and a second set not 
connected to signal paths. Unit capacitors in the first set are 

30 referred to as "active" or "signal" cells and unit capacitors in 
the second set as "dummy" cells. The main use of dummy cells is 
to maintain visual symmetry and process environment uniformity 
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for the active capacitors in the array, thus removing any 
systematic offset errors. 

In addition to visual symmetry, matching of electrical 
environments is equally important. For visual symmetry, each 
5 unit capacitor in the capacitor array has equally sized (i.e., 
lengths, widths) and shaped capacitor plates. Furthermore, each 
unit capacitor in the capacitor array is formed on a grid with 
equal spacing between each to maintain the same visual symmetry 
across the entire array. Electrical symmetry, in contrast, 

10 focuses on the active unit capacitor cells and their electrical 
relationships with unit capacitor cells (active and dummy unit 
capacitor cells) around them. Particularly important in the 
electrical relationship of the active unit capacitor cells is 
that electrical parasitics be equalized to each as much as 

15 possible. If two active cells generate unequal electric fields 
due to for example different fringing field environments, the 
mismatch shows up as different capacitances of the unit cells. 

Referring now to Figure 1, an integrated circuit (IC) 100 
is illustrated. The integrated circuit 100 may be packaged 

20 together in a package, which may include pins for terminals for 
making connections to a printed circuit board. Otherwise, the 
integrated circuit 100 may use connector technology, such as 
ball grid or flip chip, to directly make electrical connections 
to a printed circuit board. The integrated circuit 100 is a 

25 semiconductor die, which includes active and passive electrical 
components formed therein. The active electrical components 
include transistors. The passive electrical components include 
capacitors. As will be discussed further below, a capacitor 
array of unit capacitors may be formed in the integrated circuit 

30 100 as a stand alone capacitor, or as a part of larger circuit 
which includes one or more capacitors and one or more active 
electrical components. 
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Referring now to Figure 2A, an analog to digital (A/D) 
converter 200 is illustrated. The analog to digital converter 
200 may be a pipelined A/D converter, a flash A/D converter, or 
other type of A/D converter. In any case, the A/D converter 200 
5 may include a capacitor array. The A/D converter 200 receives 
an analog input signal V AIN 201 and generates a digital output 
D 0UT 202 in response thereto. The digital output D 0UT 202 is made 
up on individual digital bits d x - d n . Suitably weighted unit 
capacitors (such as equally-sized or binary-weighted) of a 

10 capacitor array may be used in the A/D converter 200. 

Figure 2B is a block diagram of an exemplary multibit stage 
pipelined analog to digital (A/D) converter 200' incorporating 
the invention. The pipelined A/D converter 200' receives the 
analog input V A i N 201' and generates the digital output D 0UT 202' 

15 in response thereto. 

The pipelined A/D converter 200' includes multiple 
converter stages 210A-210M and a digital bit combiner/corrector 
230. The multiple converter stages 210A-210M are coupled in 
series together into a pipeline with an output of one coupled to 

20 an input of the next stage as shown in Figure 2B. The analog 

input 211 of the first stage 210A is coupled to the analog input 
Vain 2 01' . The analog residue 221 of the last converter stage, 
the M th stage 210M, is not coupled to an input of another stage. 
The digital bit combiner/corrector 23 0 is coupled to each of the 

25 converter stages 210A-210M to receive each respective stage 
digital output 212A-212M. 

The first converter stage 210A provides the most coarse 
conversion of bits and generates the most significant bits 
(MSBs) of digital output 202' (i.e., at least the most 

30 significant bit and maybe one or more of the next most 

significant bits) . The last or M th stage of the pipelined A/D 
converter 2 00' generates provides the finest conversion of bits 
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and generates the least significant bits (LSBs) of the digital 
output 200' (i.e., at least the least significant bit and maybe 
one or more of the next least significant bits) . The first 
stage 210A receives the analog input V AIN 201' and converts a 
5 portion of the signal generating a stage digital output 212 as 
the MSBs digital output. An analog residue 221 from the first 
stage 21 OA is passed onto the second stage as the analog input 
211 of the second stage 210B. 

The second stage 210B performs a finer conversion on the 

10 analog residue 221 from the first stage 210A generating the bits 
of the stage digital output 212 and the next analog residue 221, 
which is then passed to the next stage. 

The digital bit combiner/corrector 23 0 receives the digital 
outputs 212A-212M from each stage (the "stage digital output" 

15 212A-212M) . Each stage digital output 212A-212M from each stage 
may be K-bits wide (with equal K-values) . Alternatively, the 
number of K-bits may vary from stage to stage such that bit 
width of the stage digital output 212 may vary from stage to 
stage of the stages 210A-210M. For example, one or more of the 

20 stages 210A-201M nearer the analog input V A i N 201' (e.g., stage 
210A with output 212A) may have a wider digital output (i.e., a 
larger value of K and bit width) than stages further away from 
the analog input V AIN 201' (e.g., stage 210M with output 212M) . 
Different pipelined A/D converters may benefit from having 

25 different resolutions of the K-bit Flash ADC 214 providing 

different bit widths of the stage digital output 212A-212M in 
the individual stages 210A-210M. The digital bit 
combiner/corrector 230 combines together each of the stage 
digital output 212A-212M from each of the stages 210A-210M and 

30 makes corrections for any carry signals of the finer bits 

between stages in order to generate the data output bits dl-dm 
of the digital output D 0VT 202'. The digital bit 
combiner/corrector 230 may additionally convert each of the 
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stage digital output 212A-212M of each of the stages 210A-210M 
from one code format into another code format for the digital 
output D 0UT 202'. For example, the K-bits of the stage digital 
output 212A-212M of each stage may be in a thermometer, binary, 
5 gray, or other coded format and the digital bit 

combiner/corrector 230 may generate the digital output D 0 ur 2 02' 
in a thermometer, binary, gray, or other coded format. 

In Figure 2B, the stage 210B is illustrated in its 
functional block diagram form which is exemplary of each of the 

10 stages 210A-210M. Each stage 210A-210M includes a K-bit Flash 
analog to digital converter (ADC) 214, a K-bit digital to analog 
converter (DAC) 216, an analog subtractor (218), and a gain 
stage or amplifier 220 having a gain of G, all of which are 
coupled together as shown in Figure 2B. The K-bit Flash analog 

15 to digital converter (ADC) 214 generates K-bits of the stage 

digital output 212 within the stage as the outputs 212A-212M of 
the stages 210A-210M, respectively. However, the number K of K- 
bits and therefore the number of bits resolved at the stage 
digital outputs 212A-212M of each stage 210A-210M may vary from 

20 one stage to another. The more stages 210A-210M (i.e., the 
greater the value of M of the M stages) there are in the 
pipelined ADC converter 200', the greater the latency is in 
acquiring a digital output D 0U t 202' from the analog input V AIN 
201' 

25 Within each stage, the K-bit Flash analog to digital 

converter (ADC) 214 functions as a fast but coarse quantizer 
resolving the analog input 211 into the K-bits of the stage 
digital output 212 of each respective stage. The K-Bit DAC 216 
receives the stage digital output 212 and converts the digital 

30 quantity back into an analog quantity as the resolved analog 
signal portion 217. 

The resolved analog signal portion 217 is subtracted from 
the analog input 211 by the analog subtractor 218 generating an 
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output 219. Since the resolved analog signal portion 217 output 
from the DAC 216 closely approximates the analog input 211 
(within the resolution of the K-bit Flash) , the output 219 of 
the subtractor 218 is a relatively small analog signal in 
5 comparison. The output 219 is too difficult to convert any 
further at its given amplitude. Thus, the output 219 of the 
subtractor 218 is amplified by the amplifier 220, effectively 
having its amplitude multiplied by a gain G to produce an 
intermediate analog residue 221 . 

10 As discussed previously, the analog residue 221 of one 

stage is passed to the analog input 221 of the next stage. The 
analog residue 221 of the one stage is then converted by the 
next stage in the pipeline using another pipelined converter 
stage (possibly with a different number of bits resolved, i.e., 

15 L-bits) . The analog residue 221 of each stage continues to be 
passed onto the next stage up until the last stage 210M so as to 
achieve a desired resolution in the digital output D 0U r 202' . In 
this manner the successive stages get closer and closer to the 
analog input, essentially implementing a successive 

20 approximation (or "analog search") around the analog input VAIN 
201' . As discussed previously, the digital output codes 212 
from all stages 210A-210M are combined together by the combiner 
230 to produce a final result of the digital output D 0 ut 202' . 

The accuracy of the K-bit DAC 216 is important in forming a 

25 precise analog to digital converter and more accurately 

resolving the analog input signal V A in 2 01' into the digital 
output DOUT 202'. Assuming that the ADC 200' is to generate a 
digital output DOUT 202' with a total of N bits (dl-dn) , the K- 
bit Flash ADC does not need to be N-bit accurate (K-bit accuracy 

30 is approximately sufficient) . However, it is desirable that DAC 
216 receive the K-bits from the K-bit Flash ADC and generate an 
N-bit accurate analog output signal, at least in the first 
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stage, in order to provide a more accurate ADC 200' . This is so 
an accurate analog residue 221 may be formed for the next stage. 

For example, a four bit (K=4 bits) input DAC may be formed 
to generate an analog output accurate to an LSB at fourteen bits 
5 (N=14 bits) which generates sixteen different analog voltage 
levels and is accurate to within thirty parts per million (30 
PPM) or one part in 2 15 of the ideal output. 

However, if the K-bit DAC 216 does not generate an N-bit 
accurate analog output signal in the first stage, there are 

10 other techniques that may be used to compensate, such as 

calibration and dynamic element matching to improve accuracy. 
The more accuracy provided in a design of the first stage, the 
easier it may to meet other design parameters such as power, 
noise, and speed. 

15 The DAC 216 within a stage 210A-210M is often implemented 

by using a capacitor array with equal sized capacitors. That 
is, each capacitor has a capacitance that is substantially equal 
to the capacitance of every other capacitor. In other words, 
the capacitors in the capacitor array substantially match each 

20 other. The number of capacitors in the capacitor array is 
generally close to 2 K . Each of the equal capacitors is 
carefully configured within the array of unit cells of the 
capacitor array so that they substantially match each other and 
provide an accurate conversion. Thus, improving the matching of 

25 the equal capacitors in the capacitor array may improve the 
performance of the DAC 216 with respect to accuracy, speed, 
power, and ease of implementation. 

Note that in an alternate embodiment of the pipelined 
analog-to-digital converter 200' , the Mth stage may be slightly 

30 altered as it is the last stage in the converter and the analog 
residue output 221 is unnecessary. In which case, the last 
stage may eliminate the elements of the K-bit DAC 21, the 
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subtractor 218, and the amplifier 220 such that K-bit flash ADC 
214 remains to generate the last stage digital output 212M. 

Referring now to Figure 2C, a block diagram of an exemplary 
digital to analog converter (DAC) 216' with an equally-sized or 
5 equally-weighted capacitor ladder 233 incorporating the 
invention is illustrated. 

The DAC 216' receives a digital input signal Dm 212' and 
generates an analog output signal V A0UT 217' . The digital input 
signal Di N 212' may be encoded as a binary code, a thermometer 

10 code, a gray code, or another type of code. The digital input 
signal Di N 212' may couple into a switch controller 245 to 
generate switch control signals TCDi N 212'' (made up of TCi-TC N 
and TCP!-TCP N ) . Alternatively, if the individual bit signals of 
the digital input signal D IN 212' are in an appropriately coded 

15 format, they may couple directly into the DAC 216' in order to 
control the switches. The digital input signal D IN 212' may be 
representative of the digital stage output 212 and the analog 
output signal V AOU t 217' may be representative of the resolved 
analog signal portion 217 within in each stage 210A-210M of 

20 Figure 2B. 

The DAC 216' includes a first set of N switches 240A-240N, 
a second set of switches 242A-242N, a reset switch 230, and, the 
equally-sized or equally-weighted capacitor ladder 233 coupled 
together as shown in Figure 2C. Each switch of the switches 

25 240A-240N and 242A-242N has a switch control terminal and a pair 
of poles across which the switch opens and closes. 

The first set of switches 240A-240N and the reset switch 
230, in one embodiment are n-channel metal oxide semiconductor 
field effect transistors (i.e., NMOS transistors). The second 

30 set of switches 242A-242N, in one embodiment, are p-channel 

metal oxide semiconductor field effect transistors (i.e., PMOS 
transistors) . In this case, the first set of switches 240A-240N 
and the reset switch 230 are responsive to a positive signal 
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applied to their switch control terminals or gates and the 
second set of switches 242A-242N are responsive to a negative 
signal or a low signal level (i.e., substantially zero volts or 
a negative power supply voltage) applied to their switch control 
5 terminals or gates. In which case, the TC^-TCn and TCPi-TCP N of 
the switch control signals TCDi N 212'' may be the same signals 
such that the respective switch control terminals or gates of 
the first set of switches 240A-240N and the second set of 
switches 242A-242N may be coupled together and coupled to the 
10 same individual signals of the switch control signals TCD IN 
212' ' . 

It is understood that the switch types are interchangeable 
and that an appropriate active low or active high signal is 
provided to the switch control terminal to close and open the 

15 switch. Furthermore, different switching transistors may be 
used as the switches 240A-240N and 242A-242N such as bipolar, 
FET, or bi-CMOS transistor switches. In the one embodiment 
illustrated and these alternate embodiments, the switch 
controller 245 can provide the appropriate type of control 

20 signal to control the switching of the various switch types. 

The capacitor array 233 includes the capacitors 231A-231N, 
which are equally weighted. That is, the capacitance of each of 
the capacitors 231A-231N has substantially the same capacitance 
C so they are matched. The equally weighted capacitors 23 1A- 

25 23 IN are formed by selecting unit capacitors to be active within 
the capacitor array with substantial visual and electrical 
symmetry, in accordance with the invention. Each of the 
capacitors 231A-231N has a bottom plate P B and a top plate P T . 
In a preferred embodiment, the top plate P T of each capacitor 

30 231A-231N is coupled together and to the analog output V AOU t 
217' . Accordingly, the bottom plate P B of each respective 
capacitor 231A-231N of the capacitor array 230 are coupled to a 
respective pole of the second set of switches 242A-242N and a 
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respective pole of the first set of switches 240A-240N. The 
capacitors 231A-231N formed in the capacitor array 230 may 
alternatively be referred to as an equal weighted or equally 
weighted capacitor ladder or array, or a linear or segmented 
5 capacitor ladder or array. 

The reset switch 230 has one pole coupled to ground, 
another pole coupled to VAOUT 217' and its control terminal 
coupled to a RESET signal. The first set of switches 240A-240N 
have one pole coupled to a first voltage reference (V REF _) or 

10 ground as shown and another pole coupled to the bottom plate P B 
of respective capacitors 231A-231N of the capacitor array 230 
and a respective pole of the second set of switches 242A-242N. 
The respective control terminal of the switches 240A-240N couple 
to the corresponding input signal TC1-TCN of the digital input 

15 TCDin 212' ' and the respective control terminal of the switches 
242A-242N couple to the corresponding input signal TCP1-TCPN of 
the digital input TCD IN 212''. Each of the second set of 
switches 242A-242N have a pole coupled together and coupled to a 
second voltage reference source V REK+ 235. The second set of 

20 switches 242A-242N each have another pole coupled to a 

respective pole of the first set of switches 240A-240N and to 
the respective bottom plate P B of the respective capacitors 
231A-231N. 

In operation, the illustrated embodiment of the DAC 216' is 
25 first initialized or reset by having the RESET signal go active 
high and close the reset switch 23 0 to discharge the analog 
output V A out 217' and the top plate P T of each capacitor 231A- 
231N in the capacitor array 233 to ground. At the same time, 
the digital input TCD IN 212'' is set to zero (e.g., each TC^-TCn 
30 set to zero and each TCPx-TCPn set to one) so that switches 
240A-240N are open and switches 242A-242N are all closed to 
connect the bottom plate P B of each capacitor 231A-231N in the 
capacitor array 233 to the reference voltage V REF+ 235. In 
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another embodiment, TCDi N 212'' closes selected ones of switches 
240A-240N to connect the bottom plate P B of selected ones of 
capacitors 2 3 1A- 2 3 IN in the capacitor array 233 to a reference 
voltage V REF - and closes selected ones of switches 242A-242N to 
5 connect the bottom plate P B of selected ones of capacitors 23 1A- 
23 IN in the capacitor array 233 to the reference voltage V REF+ 
235. In any case, the initialization or reset establishes a 
reference voltage (VREF+ or VREF-) across each of the capacitors 
231A-231N in the capacitor array 233. 

10 After initialization or reset, the RESET signal goes low 

opening the reset switch 230 and isolating ground so that a 
voltage can be generated on the analog output V AO ut 2 17 7 . The 
switch controller 245 can then generate the appropriate switch 
control signals TCD IN 212'' in response to the digital input Di N 

15 212' that requires conversion. The individual switch control 
signals of TCDi N 212' ' that remain set to the reset state do not 
alter the charge across their respective capacitor 231A-231N as 
the switches 242A-242N remain closed and keep VREF+ or VREF- 
connected thereto. The individual switch control signals of 

20 TCD IN 212' ' that change state out of the reset state switch on 
(i.e., close) the respective switches 240A-240N through their 
respective switch control terminals and switch off (i.e., open) 
the respective switches 242A-242N through their respective 
switch control terminals. This causes ground to be coupled to 

25 the bottom plates P B of respective capacitors 231A-231N to which 
these respective switches 240A-240N are coupled and turned on. 
The voltage across respective capacitors 231A-231N is altered 
and causes a proportional voltage to be imposed on the analog 
output V AO ut 217' . 

30 Assuming that the switch control signals TCD IN 212'' are 

thermometer code, providing a thermometer code of height m 
(i.e., m of the TCi-TC N signals are set to a logical one to 
represent the digital signal TCD IN 212'' to be converted to an 
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analog signal) set as the input TCD IN 212' ', the output voltage 
can be determined from the equation V AO ut = (m/N) x V REF where N 
is the total number of capacitors 231A-231N. In order to 
provide the analog output V AOU t 217' accurately, it is desirable 
5 that the capacitors 231A-231N of the capacitor ladder 233 have 
an equal capacitance value. That is, the better matched each 
capacitor 231A-231N is, the more accurate are the output results 
of the conversion of D IN 212' into V AO ur 217'. 

DAC 216' has been described here in particular detail, 

10 including the connections to positive reference, negative 

reference, and input voltages, as one embodiment of a DAC that 
may used as the DAC 216 in each stage of the multibit stage 
pipelined analog to digital (A/D) converter of Figure 2B, while 
the number of K-bits of resolution may vary from one stage to 

15 the next. The embodiment of DAC 216' may be modified in that 
different switches, switch positions and switch configurations 
may be used to couple to the capacitor array 233 in the 
implementation of a DAC. For example, a fully differential 
output may be desirable. In which case, fully differential 

20 switch circuits may used which may reduce the number of N 
capacitors in the capacitor ladder 233. However in any 
embodiment, the N capacitors in the capacitor ladder 233 are 
formed of equally-sized active unit capacitors and dummy unit 
capacitors in a capacitor array to provide both visual symmetry 

25 and electrical symmetry in accordance with the invention hereof. 

Referring now to Figure 2D, a simplified schematic diagram 
of embodiments an analog subtractor 218 and gain stage 22 0 for 
the functional block diagram of Figure 2B is illustrated. The 
embodiment of the analog subtractor 218 and gain stage 220 

30 illustrated in Figure 2D includes an operational amplifier 250, 
capacitors CI 251 through C3 253, and switches 255-257 coupled 
together as shown and illustrated. The circuitry receives the 
analog output voltage V A0UT 217' from the K-bit DAC 216' and the 
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analog input 211' associated with the respective stage 210A-210M 
of the pipelined analog- to-digital converter 200' . The 
circuitry generates an analog residue output 221' for the 
respective stage 210A-210M of the pipelined analog-to-digital 
converter 200' . 

During reset, switches 256 and 257 are closed by the RESET 
signal while the switch 255 is open by a RESETP signal to reset 
the analog subtractor 218 and gain stage 220. After reset, the 
switch 255 is closed by the RESETP signal and the switches 256 
and 257 are opened by the RESET signal so that the circuitry can 
subtract the analog output voltage V A0U t 217' from the analog 
input 211' and amplify the result to generate the analog residue 
output 221'. The RESET signal and RESETP signals may be 
opposite phased clock signals or a pair of non- overlapping two 
phase clock signals. 

Referring now to Figure 2E, a simplified schematic diagram 
of a multiplying digital to analog converter (MDAC) as an 
embodiment integrating the functionality of the k-Bit DAC 216, 
the analog subtractor 218 and gain stage 220 together of the 
functional block diagram of Figure 2B is illustrated. The 
multiplying digital to analog converter receives the analog 
input signal V AIN 211' and the digital input signal D IN 212' to 
generate the analog residue output 221'. The circuitry receives 
the analog input 211' associated with the respective stage 210A- 
210M of the pipelined analog-to-digital converter 200' . The 
circuitry generates the analog residue output 221' for the 
respective stage 210A-210M of the pipelined analog-to-digital 
converter 200' . 

A first embodiment of the multiplying digital to analog 
converter includes an operational amplifier 220', capacitors d 
261A' through C M 261M' , a plurality of M switches 260A-260M, a 
plurality of switches 261A-261M, a plurality of M switches 262A- 
262M, a plurality of switches 265A-265M, a plurality of M 
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switches 266A-266M, a plurality of M switches 267A-267M, a 
sample/reset switch 270, and a switch controller 245' coupled 
together as shown and illustrated in Figure 2E. Each of the 
switches in the MDAC includes a first pole, a second pole, and a 
5 switch control terminal or gate. 

Capacitors Ci 261A' through C M 261M' form the capacitor 
array 233'. The active capacitors C x 261A' through C M 261M' of 
the capacitor array 233' are arranged amongst dummy capacitors 
to provide visual and electrical symmetry in accordance with the 

10 invention. 

The switch controller 245' receives the digital input 
signal Di N 212' from the flash analog to digital converter 214 
for the respective stage 210A-210M of the pipelined analog-to- 
digital converter 200' and generates appropriate switch control 

15 signals SC and the switch control signal S. The switch control 
signals SC include switch control signals SCPx-SCPm, SCi-SC m/ 
SCNi-SCN m , V!-V m , FBi-FB m , and A 1 -A m which are coupled to the 
appropriate switch control terminals of the plurality of 
switches 260A-260M, the plurality of switches 261A-261M, the 

20 plurality of switches 262A-262M, the plurality of switches 265A- 
265M, the plurality of switches 266A-266M, and the plurality of 
switches 267A-267M as shown and illustrated in Figure 2E. The 
switch control signal S is coupled to the switch control 
terminal of the switch 270. 

25 The plurality of switches 265A-265M may be referred to as 

analog input switches with each having a first pole coupled 
together and to the analog input V A i N 211'. A second pole of 
each of the plurality of switches 265A-265M is respectively 
coupled to a first plate (preferably the bottom plate) of the 

30 capacitors Ci 261A' through C M 261M' . The switch control 
terminal of each of the plurality of switches 265A-265M is 
respectively coupled to the Ai-A™ switch control signals. 
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coupled together and to a negative voltage reference V REF . 236' . 
The switch control terminal of each of the plurality of switches 
261A-261M is respectively coupled to the SCNi-SCN m switch 
control signals. 

The plurality of switches 262A-262M may be referred to as 
positive reference switches with a first pole of each 
respectively coupled to the corresponding first pole of the 
switches 267A-267M, 260A-260M, and 261A-261M, respectively. A 
second pole of each of the plurality of switches 262A-262M are 
coupled together and to the positive voltage reference V REF+ 
235'. The switch control terminal of each of the plurality of 
switches 262A-262M is respectively coupled to the SCPi-SCP m 
switch control signals. 

Different types of switches may be used to implement 
switches 260A-260M, 261A-261M, 262A-262M, 265A-265M, 266A-266M, 
and 267A-267M. In one embodiment, the switches 260A-260M, 261A- 
261M, 262A-262M, 265A-265M, 266A-266M, and 267A-267M are fully 
complementary CMOS switches each including an NFET and a PFET. 
In another embodiment, the switches 260A-260M, 261A-261M, 265A- 
265M, 266A-266M, and 267A-267M are NFETs and switches 262A-262M 
are PFETs. In another embodiment, they are NFET switches. In 
yet another embodiment, they are PFET switches. In yet another 
embodiment, they are bipolar junction transistor (BJT) switches. 
In yet another embodiment, they are GaAs field effect 
transistors (FETs) . 

The multiplying digital to analog converter functions in a 
switch capacitor mode via the timing of the switch control 
signal S and the timing of the settings of the other switches 
therein. The multiplying digital to analog converter functions 
to reduce the level of the analog input V AIN 211' by an 
appropriate amount representing the digital input D IN 212' and 
generate the analog residue output 221' . 
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Figure 2E illustrates one embodiment of the multiplying 
digital to analog converter (MDAC) . However, the multiplying 
digital to analog converter may be implemented in a number of 
ways. In another embodiment, the switches 260M, 261M, 262M, 
266A-266 (M-l) , and 267M are eliminated from the embodiment 
illustrated in Figure 2E. In yet another embodiment the number 
of capacitors is doubled such that M = 2 x M and the switches 
260A-260M, 261 (M-l), 261M, 262 (M-l) , 262M, 266A-266 (M-2 ) , 267 (M- 
1), and 267M are eliminated from the embodiment illustrated in 
Figure 2E. In still yet another embodiment, the analog residue 
output 221' is a double ended differential output and the reset 
switch 270 does not have the one pole coupled to the input of 
the operational amplifier 220' but to a common mode voltage 
supply instead. 

In any embodiment of the MDAC, the capacitor array therein 
is implemented to provide visual and electrical symmetry in 
accordance with the invention. 

Referring now to Figure 3, a digital to analog converter 
(DAC) 300 is illustrated. The digital to analog converter 300 
receives the digital input D IN 3 01 and generates an analog 
output V A0UT 302 in response thereto. The digital input D IN 301 
is formed of bits d x -d n . The DAC 300 functions to convert a 
digital input signal into an analog output signal. In contrast, 
the analog to digital converter 2 00 converts an analog input 
signal into a digital output signal. The digital to analog 
converter 300 may include a capacitor array to facilitate the 
conversion of a digital input signal into an analog output 
signal, as will be discussed further below. The capacitor array 
may provide ratioed capacitors as part of a flash A/D converter, 
or suitably-weighted capacitor ladder (e.g., binarily-weighted 
or equally-weighted) as part of a digital to analog converter 
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used to approximate an analog signal and generate a comparison 
bit within a pipelined successive approximation A/D converter. 

Referring now to Figure 4, a switch capacitor (SC) filter 
400 is illustrated. The switch capacitor filter 400 may include 
a capacitor array to facilitate the formation of capacitors that 
may be ratioed with other capacitors to provide a desired filter 
response H(f) . The switch capacitor filter 400 receives an 
analog input signal X(f) 401. In response to the desired filter 
response H(f) and the analog input signal X(f) 401, the switch 
capacitor filter 400 generates an analog output signal Y(f) 402. 

The analog to digital converter 200, the digital to analog 
converter 300, and/or the switch capacitor filter 400 may each 
be part of an integrated circuit 100 or otherwise provide the 
overall function the integrated circuit 100. That is, the 
integrated circuit 100 may be a digital to analog converter. 
Alternatively, the integrated circuit 100 may be an analog to 
digital converter. In another case the integrated circuit 100 
may be a filtering circuit and include the switch capacitor 
filter 400. 

Referring now to Figure 5, one example embodiment of a 
charge scaling digital to analog converter (DAC) 500 is 
illustrated. The charge scaling DAC 500 may be a part of the A/D 
converter 200 or the DAC 300 and integrated within the 
integrated circuit 100. 

The exemplary charge scaling DAC 500 includes capacitors 
501A-501N, capacitor 502, switches 510B-510N, switches 512A- 
512N, and a switch controller 520 as shown and illustrated 
coupled together in Figure 5. As discussed previously, the 
capacitors 501A-501N and capacitor 502 may be implemented in a 
capacitor array. Capacitors 501A-501N and capacitor 502 in this 
example represent a binary weighted capacitor ladder 503. The 
capacitors 501A-501N and capacitor 502 can form ratioed 
capacitor values multiplied by the reference voltage V REF , in 
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response to the settings (i.e., closed or open) of switches 
510B-510N and switches 512A-512N. 

Within the binary weighted capacitor ladder 503, the first 
capacitor 501A may have a capacitance of C. Capacitor 50 IB may 
have a capacitance of one-half of C. Capacitor 501C may have a 
capacitance of one-fourth C. Capacitor 501N, the Nth capacitor 
in the switched legs of the binary weighted capacitor ladder, 
may have a capacitance value of C divided by two to the N-l 
power (C/2 N_1 ) . The capacitor 502 is a termination capacitor 
that is often added to force the sum of capacitances 501B-501N 
plus 502 to equal C, the capacitance of element 501A. The 
termination capacitor 502 may have a capacitance equal to the 
capacitance of capacitor 501N. Each capacitor 501A-501N and 
capacitor 502 has a terminal coupled to a common node 504. Node 
504 is also the analog voltage output terminal V A0UT of the 
charge scaling DAT 500 upon which the analog output voltage is 
formed. Each of the capacitors 501A-501N have a second terminal 
coupled to a pair of switches, one respectively from the 
switches 510B-510N and another one respectively from the 
switches 512B-512N. The termination capacitor 502 has a first 
terminal coupled to the common node 504 and a second terminal 
coupled to ground. 

The switches 512A-512N and 510B-510N of the charge scaling 
DAC may each be n-channel metal oxide semiconductor field effect 
(NMOS) transistor switches, p-channel metal oxide semiconductor 
field effect (NMOS) transistor switches, complementary metal 
oxide semiconductor field effect (CMOS) transistor switches, 
bipolar junction transistor switches, combinations thereof, 
other transistorized switches, or other types of electronically 
controlled switches. Switches 512A-512N each have one pole of 
the switch coupled to ground. Switches 510B-510N each have one 
pole of the switch coupled to a common node 505 to receive the 
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response to the data input signal D IN# the switch controller 520 
selectively turns on certain ones of the switches 510B-510N and 
turns off respective ones of the corresponding switches 512B- 
512N so that the opposite capacitor plate is not grounded. Those 
certain ones of the switches 510B-510N turned on couple the 
analog voltage level of V REF 505 into the respective capacitors 
501A - 501N. Those unselected which do not have switches 510B - 
510N turned on, have their respective switches 512B, 512N turned 
on so that the capacitor plate remains coupled to ground. In 
this manner, the charges of V REF are coupled into the capacitor 
plates of selective capacitors. 

The analog voltage output V A0UT on the common node 504 is 
proportional to an equivalence capacitor value C eq formed by 
capacitors selected by D IN divided by the sum of all of the 
capacitance of the capacitors 501A - 501N and capacitor 502. 
That is, V A0UT = V ref (C eq /C total ) . With data bits d^dn of D IN being 
either a logical one or zero, the equivalence capacitor value 
C eq is selected by the data bits and may be written in equation 
form as C eq = d x C + d 2 (C/2) + d 3 (C/4) + ... + d N (C/2 N_1 ). C total 
may be written in equation form as C total = C + (C/2) + (C/4) + 
... + (C/2 N_1 ) + (C/2 N ' X ) = 2C. Thus, the analog output voltage 
Vaout = V ref (C eq /C total ) may be reduced to V A0UT = V^td^" 1 + d 2 2" 2 + 
d 3 2 3 + ... + d N 2~ N ] . However in order for this equation to be 
accurate, the accuracy of the capacitors and the ratio of the 
capacitances are important. 

Referring now to Figure 6, a capacitor array 600 of unit 
capacitor cells C u 601 is illustrated. In an integrated circuit 
100, the capacitor array 600 is used to reduce the amount of 
manufacturing offset that would otherwise reduces the accuracy 
of each unit capacitor C v 601. 



Express Mail No. EV323392674US 27 



055123. P256 

The unit capacitors Cy 601 in the capacitor array 600 may- 
be formed in rows and columns on a grid. Otherwise, the unit 
capacitors C 0 601 in the capacitor array 600 may be formed using 
other geometric shapes in an off grid manner. Figure 6 
illustrates in a preferred embodiment, the top capacitor plate 
(P T ) of each unit capacitor cell CU 601 in the capacitor array 
600. The top capacitor plates P T specifically have a matching 
bottom capacitor plate P B to the extent that they can be 
manufactured similarly. The bottom capacitor plate P B of each 
unit capacitor 601 is not illustrated in Figure 6, as this is a 
top view of the capacitor array 600. Moreover, the illustration 
of the bottom capacitor plate P B in the capacitor array 600 is 
merely a mirror image of the top capacitor plate PT, but for the 
interconnections made thereto and any manufacturing differences 
such as plate sizing (e.g., required minimum extensions of 
bottom plate edge beyond top plate edge) . That is, different 
layers are used to form the bottom and the top capacitor plates 
so that they may differ somewhat due to process variations and 
offsets or a misalignment between the layers of the bottom plate 
P B and the top plate P T . Furthermore, different interconnects 
may be made to the bottom plate P B and the top plate P T to cause 
a slight difference between them. 

The capacitor array 600 includes active unit capacitor 
cells C ACXIVE 602 and dummy unit capacitor cells C DUMMY 603. These 
may also be referred to as active unit capacitors and dummy unit 
capacitors, respectively. The active unit capacitors 602 may be 
indicated in the illustrations by an "0" marked on their top 
capacitor plate (P T ) as illustrated in Figure 6 for example. 
The dummy unit capacitors 603 may be indicated in the 
illustrations by an "X" marked on their top capacitor plate (P T ) 
as illustrated in Figure 6 for example. The X and 0 illustrated 
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in the Figures are just indicators and are not physically- 
present on the capacitor plates of the unit capacitors 601. 

Active capacitors 602 are selected or formed by providing 
an interconnect wire coupled thereto; such as interconnect wire 
610 and 611 for example, to carry an analog signal. The 
interconnect wire may be a strip of a conductive material layer 
routed from one of the capacitor plates to another node or 
device on the integrated circuit 100. While Figure 6 
illustrates interconnecting the top plate P T/ the bottom plate 
P B may be similarly or alternatively interconnected instead. 
Typically, common nodes are joined together on the top plate P T/ 
while the routing of wires 611 and 621 is performed using the 
bottom plates P B . Moreover, the bottom plates P B are preferably 
connected to ground or a voltage reference or supply to 
eliminate or reduce the impact of bottom plate parasitics. In 
the case of the charge scaling DAC 500 and the linear-array 
capacitor DAC 216', the bottom plates P B of the active 
capacitors are preferably coupled to the switches while the top 
plates P T of the active capacitors are coupled together with the 
common node 504 and the analog output V A0UT . In Figure 6, the 
wire traces 620A - 620C are used to couple the top capacitor 
plates P T together of the unit capacitors 601C - 601F. Wire 
route 621 is coupled to 62 0D to provide a capacitance value of 
C 4 , which is equal to 4C 0 . The wire route 611 may provide a 
capacitance value of C 2 , which is equal to 2Cu. The wire routes 
610A, 610B and 611 couple the top plates of the unit capacitors 
601A and 601B together. 

As discussed previously, the positioning of the active unit 
capacitors with respect to the dummy unit capacitors is 
important. Additionally, the spacing between active capacitors 
within a capacitor array is important. In this invention, as is 
discussed further below, the active unit capacitors are 
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positioned with respect to the dummy unit capacitors in the 
capacitor array based on visual symmetry and electrical 
symmetry. 

Referring now to Figure 7A, a top cutaway view of a unit 
capacitor Cu 701 is shown. The unit capacitor Cu 701 includes a 
bottom capacitor plate P B and a top capacitor plate P T . The 
bottom capacitor plate P B may include an interconnect 712 
extending from one side of the unit capacitor Cu 701. The top 
capacitor plate P T may include an interconnect 714 extending 
from another side of the unit capacitor Cu 701. The 
interconnects 712 and 714 may be used to make electrical 
connections to a given unit capacitor Cu 701. 

Typical layout design rules for integrated circuit 
manufacturing processes of capacitor arrays may require that the 
bottom capacitor plate P B (but for the interconnect 714) extend 
beyond edges of the top capacitor plate P T due to misalignment 
and other tolerances as is illustrated in Figure 7A. 

The top and bottom capacitor plates of the unit capacitor 
may have various shapes such as a square shaped capacitor plate, 
a circular shaped capacitor plate, a triangular shaped capacitor 
plate, a hexagonal shaped capacitor plate, or a pentagonal 
shaped capacitor plate. Typically, the shape of the top 
capacitor plate P T and the bottom capacitor plate P B are the 
same for each of the plurality of unit capacitors Cu 701. 

For capacitor matching considerations, a preferred shape of 
a unit capacitor Cu is one having oblique (i.e., not sharp) 
corners. This is because sharp corners are prone to non-uniform 
processing and thus a major source of mismatch in capacitors. 
However for area efficiency considerations, a square or 
rectangular shape allows denser unit capacitor Cu cell packing. 

In addition, while a circular shape may be ideal for 
matching, it does not conform well to a practical implementation 
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The dielectric layer 703 may be an oxide layer or another type 
of insulating material used in semiconductor processing. The 
conductive layers 702 and 704 may be formed of the same material 
or different materials. One or both of the conductive layers 
5 702 and 704 may formed out of a layer of metal, alloy, 

polysilicon, or other known conductive material layers commonly 
used in semiconductor processing. Insulating layers 705 and 706 
may electrically isolate the unit capacitor Cu 701 from other 
conductors as well as to prevent processing steps from damaging 

10 the conductive layers 702 and 704. Insulating layers 705 and/or 
706 are illustrated as single contiguous layers but may also 
consist of a sandwich of several layers, including multiple 
insulating and conducting layers. The unit capacitor 701 is 
supported within the integrated circuit 100 on the substrate 

15 710. Typically, the same material layer is utilized to 

interconnect each of the respective capacitor plates to other 
capacitor plates in the capacitor array 600. However, in a 
multi- layer metal integrated circuit, more than one layer of 
metal may be used to form interconnections with the capacitor 

20 plates. 

Referring now to Figure 7C, a schematic diagram of the unit 
capacitor C v 701 is illustrated. Capacitor Cu 701 has a first 
terminal T x and a second terminal T 2 . The capacitor Cu 701 
includes the top plate P T , the dielectric D, and the bottom 

25 plate P B . As illustrated in Figure 7C, the bottom plate P B 

couples to or may be considered as the second terminal T 2 . The 
top plate P T couples to or may be considered as the first 
terminal T x . The capacitance of the unit capacitor Cu generally 
depends upon the area of the plate, its length (L) , width (W) , 

30 plate thickness, and the type of dielectric material selected 
for the dielectric D and its thickness. The thickness of the 
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dielectric establishes the amount of separation between 
capacitor plates as well as influences the capacitance. 

To achieve a capacitance greater than the unit capacitance 
of the unit capacitor C u# a plurality of unit capacitors 601 may 
5 be coupled together as illustrated in Figure 6. As previously 
discussed, when capacitors are coupled in parallel, their 
capacitance values are added together to determined the 
equivalent capacitance. 

As discussed previously, the unit capacitors Cu may be 

10 placed in a grid system in rows and columns. In this manner 
equal spacing is almost automatically maintained between each 
unit capacitor Cu in order to provide visual symmetry. 

Referring now to Figure 8, a schematic diagram of five 
unit capacitors 601A-601E is illustrated in one row or one 

15 column (i.e., a one dimensional capacitor array) to illustrate a 
cross sectional side view of a row or column in a capacitor 
array. Figure 8 illustrates how active cells can generate 
unequal electric fields due to for example different far range 
fringing field environments. This results in different 

20 capacitances (i.e., mismatches) of the active unit capacitor 

cells in a capacitor array. Note that mismatches of near range 
fringing fields, such as from the bottom capacitor plate to the 
top plates or to interconnects, are primarily determined by the 
quality of visual symmetry because the near range fringing 

25 fields are a strong function of plate shape and thickness. Far 
range fringing fields, on the other hand, are a strong function 
of electric potentials of surrounding areas, particularly 
electrical potentials of surrounding conductive shapes. Thus, a 
source of mismatch in capacitance of capacitors may be due to 

30 differences in surrounding electric potentials. Therefore, once 
issues with visual symmetry in a capacitor array are resolved, 
issues of electrical symmetry become noticeable and should be 
considered. To provide optimal matching of capacitors in a 
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capacitor array, both visual and electrical symmetry should be 
considered within the given integrated circuit design and 
manufacturing process. 

In Figure 8, three active unit capacitors are bordered by a 
5 dummy capacitor at each end. Capacitor 601A and 601E are dummy 
capacitors whose top plate P T and bottom plate P B are typically 
grounded (or otherwise set to a suitable voltage level) . Unit 
capacitor 601B, 601C, and 601D are active capacitors having one 
terminal coupled together at node 801. Note that the top plates 

10 of the active unit cells 601B, 601C, and 601D are connected 
together while the bottom plates are not. This connection of 
the top plates is typical of the capacitor array 233 found in 
the DAC block 216' in stages of a pipeline A/D converter. 

In the layout of the capacitor array, a long-range fringe 

15 capacitance C f is formed between the top plate of one capacitor 
and the bottom plate of its neighboring capacitor. As discussed 
previously, mismatch of the near range fringe fields are related 
to visual matching and may be ignored in the computations of the 
long-range fringe capacitance C f . In Figure 8, fringe 

20 capacitors 802A-802H are illustrated between the terminals of 

the unit capacitor 601A-601E. As a result of a parasitic fringe 
capacitor, the effective capacitance provided by an active unit 
capacitor may differ from those around it. The effective 
capacitance of active capacitor 601B is C x . The effective 

25 capacitance of the unit capacitor 601C is C 2 . The effective 
capacitance of unit capacitor 601D is C 3 . The effective 
capacitance C 2 differs from the effective capacitances of C x and 
C 3 . The effective capacitance C 2 equals C + C f + C f . The 
effective capacitance C x = C 3 which equals C + C f . While this 

30 configuration of active and dummy capacitors may provide visual 
symmetry, it does not provide electrical symmetry and results in 
the effective capacitance of the active unit capacitor 601C 
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differing from that of effective capacitance of capacitors 601B 
and 601D. 

The methods of this invention describe the arrangements of 
active cells and dummy cells in a capacitor array to provide 
visual and electrical symmetry. This invention discloses the 
possible ways to arrange any number of N active unit capacitor 
cells together with dummy unit capacitor cells to theoretically 
achieve visual and electrical matching. Capacitor layout 
methods are described herein in how active unit capacitor cells 
should be selected and arranged amongst dummy unit capacitor 
cells so that the far range fringing fields are symmetric from 
the point of view of each active unit capacitor cell. 

There are four rules, Rules 1-4, to follow in order to 
arrange any number of N active unit capacitor cells together 
with dummy unit capacitor cells in a capacitor array to provide 
both visual and electrical symmetry. Which rules are followed 
depends upon the number N of the N active unit capacitor cells, 
which form the active capacitor array. The four rules are 
exemplified by Figures 9A-15 in which "X" refers to a dummy unit 
capacitor cell and "O" to an active unit capacitor cell. 

The four rules are as follows: 



Rule 1 

If N active unit cells are placed at symmetric locations of 
an N-equilateral shape, they will automatically have the same 
electrical neighborhood relative to neighboring active unit 
cells; Dummy unit capacitor cells are filled in around the N 
active unit cells at the symmetric locations of the In- 
equilateral shape to maintain equivalent visual surroundings. 
Figures 9A-10B illustrate examples of Rule 1. 
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055123. P256 

Rule 2 

If N is a prime number, the arrangement that will provide 
both visual and electrical symmetry is an arrangement of N 
active unit cells at the symmetric locations of the N- 
5 equilateral shape (i.e., N-sided shape) as described by Rule 1. 

Under this rule 2, if N is not a prime number (i.e., it is 
divisible) , the number N active unit capacitor cells can be 
divided to form smaller sets of active unit capacitor cells 
coupled together which are less than N. Each of these smaller 
10 sets is to be arranged according Rule 1 or further subdivided 
according to Rule 2 . 

Figures 11A-12B illustrate examples of Rule 2. Figures 11A 
and 12A illustrate symbolic diagrams of arrangements of active 
cells and dummy cells in a capacitor array to provide visual and 
15 electrical symmetry. Figures 11B and 12B illustrate top views 
of the layout of capacitor plates and the interconnect of the 
unit capacitor cells in accordance with Figures 11A and 12A, 
respectively. 

Referring to Figures 11A-11B where the desired capacitance 
20 has six active unit capacitors (i.e., N=6) , the set of six 

active unit capacitors 1102A-1102F can be subdivided into three 
sets of two active unit capacitors, for example. Active unit 
capacitors 1102A-1102B are a first subdivided set 1104A. Active 
unit capacitors 1102A-1102B are a second subdivided set 1104B. 
25 Active unit capacitors 1102E-1102F are a third subdivided set 
1104C. The sets 1104A-1104C are separated from each other by 
rows 1106A-1106B of dummy unit capacitors in accordance with 
Rule 3, which is discussed further below. The active unit 
capacitor cells 1102A-1102F may be interconnected together by 
30 the interconnect 1110A-1110D as shown and illustrated in Figure 
11B. 
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Alternatively, the set of six active unit capacitors can be 
subdivided into two sets of three active unit capacitors (not 
shown), for example. 

Referring to Figures 12A-12B where the desired capacitance 
5 has eight active unit capacitors (i.e., N=8) , the set of eight 
active unit capacitors 1202A-1202H can be subdivided into two 
sets of four active unit capacitors, for example. 

Active unit capacitors 1202A-1202D are a first subdivided 
set 1204A. Active unit capacitors 1202E-1202H are a second 
10 subdivided set 1204B. The sets 1204A-1204B are separated from 
each other a row 12 06 of dummy unit capacitors in accordance 
with Rule 3, which is discussed further below. The active unit 
capacitor cells 1202A-1202H may be interconnected together by 
the interconnect 1210A-1210I as shown and illustrated in Figure 
15 12B. 

Alternatively, the set of eight active unit capacitors can 
be subdivided into four sets of two active unit capacitors (not 
shown), for example. 

20 

Rule 3 

Under Rule 3, the immediate neighborhood of a unit 
capacitor cell is defined to be its nearest neighbors only. 
That is, we explicitly assume that the electrical neighborhood 

25 of a unit capacitor cell is contained in its immediate 

neighborhood and does not extend beyond. Thus under Rule 3, the 
subdivisions performed in Rule 2 are made such that the active 
cells in the smaller sets do not encroach into each other's 
immediate neighborhood. 

30 Figures 13A-14B illustrate examples of Rule 3. Figures 13A 

and 14A illustrate symbolic diagrams of arrangements of active 
cells and dummy cells in a capacitor array. Figures 13B and 14B 
illustrate top views of the layout of capacitor plates of the 
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unit capacitor cells in accordance with Figures 13A and 14A, 
respectively. 

Assume for example that the desired capacitance has eight 
active unit capacitors (i.e., N=8) ; the set of eight active unit 
5 capacitors is subdivided into four sets of two active unit 

capacitors. Under Rule 3, the arrangement of the four sets of 
two active unit capacitors is made such that the active cells in 
the smaller sets do not encroach into each other's immediate 
neighborhood. In other words, the active cells in a given 
10 subdivided set is spaced apart from the active cells in another 
subdivided set by a distance of at least one dummy unit 
capacitor. 

In Figures 13A-13B, a set of eight active unit capacitors 
1302A-1302H are arranged into four subdivided sets 1304A-1304D 

15 of two active unit capacitors. Active unit capacitors 1302A- 
1302B are a first subdivided set 1304A. Active unit capacitors 
1302C-1302D are a second subdivided set 1304B. Active unit 
capacitors 1302E-1302F are a third subdivided set 1304C. Active 
unit capacitors 1302G-1302H are a fourth subdivided set 1304D. 

20 A row 1306 of dummy unit capacitor cells separates the 

subdivided sets 1304A-1304B from the subdivided sets 1403C- 
1304D. A column 1308 of dummy unit capacitor cells separates 
the subdivided sets 1304A and 1304C from the subdivided sets 
1403B and 1304D. Thus, the active cells in each of the 

25 subdivided sets are separate from the active cells in another 
subdivided set by a distance of at least one dummy unit 
capacitor. Rule 3 is properly followed in this case and there 
is no encroachment from one set of active unit capacitor cells 
to another. The active unit capacitor cells 1302A-1302H may be 

30 interconnected together by the interconnect 1310A-1310G as shown 
and illustrated in Figure 13B. 

In Figures 14A-14B, an arrangement of a set of eight active 
unit capacitors 1402A-1402H into four sets 14014A-1404D of two 
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active unit capacitors is not properly made and there is 
encroachment from one set to another. Active unit capacitors 
1402A-1402B are a first subdivided set 1404A. Active unit 
capacitors 1402C-1402D are a second subdivided set 1404B. 
5 Active unit capacitors 1402E-1402F are a third subdivided set 
1404C. Active unit capacitors 1402G-1402H are a fourth 
subdivided set 14 04D. 

A row 1406 of dummy capacitors separates subsets 1404A and 
14 04B from subsets 14 04C and 14 04D. However there is no column 

10 of dummy capacitors separating the subsets as there was in 

Figures 13A-13B. As illustrated in Figure 14B, the subset 1404A 
of two active unit capacitors 1402A-1402B is not spaced apart by 
a dummy unit capacitor (i.e., an X) from the subset 1404B of two 
active unit capacitors 1402C-1402D. The subset 1404A encroaches 

15 on the subset 1404B and visa-versa. Similarly, the subset 1404C 
encroaches on the subset 1404D and visa-versa. Thus, Figures 
14A-14B do not follow Rule 3 hereof. 

20 Rule 4 

Due to visual symmetry requirements, active cells and dummy 
cells are often placed on a grid to form aligned rows and 
columns. This results in symmetric array layouts for many In- 
equilateral shapes (such as a square), which is very precise. 

25 That is, the layout distances between all active cells and dummy 
cells are equal. However, due to grid resolution limits, in the 
case of some N-equilateral shapes (such as a pentagon) , the 
active cells and dummy cells may be arranged at slightly 
asymmetric (unequal) distances from each other in the layout, 

30 resulting in a slightly skewed N-equilateral shape. 

This is done to both preserve array area and to keep unit 
cells (active and dummy) at reasonably short distances from each 
other. Thus, the active cells are not aligned in absolutely 
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precise rows and columns in order to form the ideal In- 
equilateral shape under Rule 1. This should not be viewed as a 
departure from Rules 1-3 but instead as a practical limit of 
reasonable grid resolution and practicality in layout. 
5 Under Rule 4, sufficient separation distance between active 

cells is maintained, even when active cells and dummy cells are 
arranged off grid in accordance with complying with Rule 1. 
Figure 15 illustrates Rule 4. 

Referring to Figure 15, five active unit capacitor cells 

10 1502A-1502E (i.e., N=5) are placed at the corners of an 
equilateral pentagon. In one embodiment, the spacing is 
equivalent with spacing "b" equal to spacing "a" between active 
unit capacitor cells to form an equilateral pentagon. In 
another embodiment, the spacing is slightly non- equivalent so 

15 that spacing "b" is not equal to the spacing "a" and a non- 
equilateral pentagon (i.e., an N-shaped polygon for an N-sided 
shape) is formed. That is, while spacing w b" is not exactly 
equal to the spacing "a" it may be substantially equal. This 
exception to the N-equilateral shape described by Rule 1 may be 

20 due to lithographic limitations during manufacturing, a desire 
to create a more compact layout of the capacitor array, or some 
other reason, for example. In any case, dummy unit capacitor 
cells are then used to fill in and to maintain equivalent visual 
surroundings for all unit capacitor cells. 

25 By applying these rules in arranging (i.e., laying out) the 

active and dummy unit capacitor cells in a capacitor array, 
better matching of unit capacitor cells may be achieved. When 
utilized for precision capacitor arrays in an analog to digital 
converter, such as A/D converter 200, the better matching of 

30 unit capacitor cells may provide the following improvements: 
elimination or reduction of calibration requirements; 
elimination or reduction of circuit techniques (e.g., dynamic 
methods) used to provide unit capacitor cell matching; improved 



Express Mail No. EV323392674US 41 



055123. P256 

linearity (both Differential Non-Linearity or DNL and Integral 
Non-Linearity or INL specifications are improved) ; and lower 
power dissipation where every factor of two improvement in 
matching accuracy may lower power consumption by up to four 
5 times for a given circuit block. 

These rules may be performed manually or by automatic means 
such as through the use of a computer aided design software 
program. In which case when implemented in software, the 
elements of the present invention are essentially the code 

10 segments to perform the necessary tasks. The program or code 
segments can be stored in a processor readable medium or 
transmitted by a computer data signal embodied in a carrier wave 
over a transmission medium or communication link. The 
"processor readable medium" may include any medium that can 

15 store or transfer information. Examples of the processor 

readable medium include an electronic circuit, a semiconductor 
memory device, a ROM, a flash memory, an erasable ROM (EROM) , a 
floppy diskette, a CD-ROM, an optical disk, a hard disk, a fiber 
optic medium, a radio frequency (RF) link, etc. The computer 

20 data signal may include any signal that can propagate over a 

transmission medium such as electronic network channels, optical 
fibers, air, electromagnetic, RF links, etc. The code segments 
may be downloaded via computer networks such as the Internet, 
Intranet, etc. 

25 The preferred embodiments of the invention for are thus 

described. While the invention has been described in particular 
embodiments, the invention should not be construed as limited by 
such embodiments, but rather construed according to the claims 
that follow below. 
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